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Abstract: Over the past five decades, gullying has been widespread and has become more severe in the Ethiopian 
highlands. Only in very few cases, rehabilitation of gullies has been successful in Ethiopia due to the high costs. The 
objective of this paper is to introduce cost effective measures to arrest gully formation. The research was conducted 
in the Debre-Mewi watershed located at 30 km south of Bahir Dar, Ethiopia. Gullying started in the 1980s following 
the clearance of indigenous vegetation and intensive agricultural cultivation, leading to an increase of surface and 
subsurface runoff from the hillside to the valley bottoms. Gully erosion rates were 10–20 times the measured upland 
soil losses. Water levels, measured with piezometers, showed that in the actively eroding sections, the water table 
was in general above the gully bottom and below it in the stabilized sections. In order to develop effective gully 
stabilizing measures, we tested and then applied the BSTEM and CONCEPT models for their applicability for Ethiopian 
conditions where active gully formation has been occurring. We found that the model predicted the location of slips 
and slumps well with the observed groundwater depth and vegetation characteristics. The validated models indicated 
that any gully rehabilitation project should first stabilize the head cuts. This can be achieved by regrading these head 
cuts to slope of 40 degrees and armoring it with rock. Head cuts will otherwise move uphill in time and destroy any 
improvements. To stabilize side walls in areas with seeps, grass will be effective in shallow gullies, while deeper gullies 
require reshaping of the gullies walls, then planting the gully with grasses, eucalyptus or fruit trees that can be used for 
income generation. Only then there is an incentive for local farmers to maintain the structures.
Introduction 
The northern parts of Ethiopian highlands suffer from severe land degradation by widespread gully and channel 
erosion and network development. Studies have shown that over the past five decades, gullying in this region has been 
widespread and has become more severe (Nyssen et al. 2006; Tebebu 2009; Tebebu et al. 2010). The deepest and the 
most spectacular gullies occur in the bottom of the watershed where in semi humid monsoonal and wetter climates 
the soil becomes saturated starting around the middle of the rainy phase and then remain saturated till the rain stops. 
The most severe gully areas have black soils. These soils shrink in dry seasons resulting cracks and causing very little 
strength when saturated. 
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Gully formation is a natural phenomenon that carries excess water from the watershed to the outlet. It occurs after 
the watershed is altered for example by cutting down the forest and replacing it by agricultural land. This results in 
additional interflow and runoff that the existing drainage network cannot handle. A new equilibrium is established to 
carry of this water. It has been argued that gullies are the most efficient way of carrying of the excess water (Kleidon 
et al. 2013).
Gullies start with a disturbance at a sharp drop in elevation of the soil. This drop (also called headcut when it occurs 
within a channel) can occur suddenly due to road construction or gradually in location of springs where soil is soft and 
erodes such as was the case in the Debra Mewi watershed. In some cases, gully formation starts at an old gully when 
due to change in drainage pattern, the soil becomes saturated. The sharp drops in the channel are called head cuts.
Once there is a drop in elevation, the head cut proceeds backwards resulting in incised gullies with vertical walls 
(Figure 1). Especially under saturated conditions, these walls are unstable and resulting in bank failure and dumps 
lose unconsolidated soil at the bottom of the gully. This soil is then picked up by the flowing water. Gullies carry 
much more sediment than existing and stable rivers, mainly because the sediment concentration in existing rivers 
is limited by the amount of sediment that can be picked up from the consolidated banks and bottom by the flowing 
water (Simon et al. 2007). In gullies with actively failing banks the flowing water carries sediment at its maximum (or 
transport capacity) because the unconsolidated soil can be picked up easily. This is observed in the landscape because 
gullies are being filled up when the slope decreases or the channel becomes wider. 
Figure 1. Unstable steep bank of a gully in the Debre Mewi watershed.
Since gully formation is a natural process of erosion (or similarly expressed local farmers that consider the rapid 
formation of gullies ‘an act of god’), it is difficult to halt the formation before the head cuts reach the uplands where 
the soil does not saturate. Many unsuccessful attempts in the course of the years are the witness. However it is not 
impossible to stop gully erosion as is shown in the more developed countries but it is usually at great expense. The 
cost of the methods used in the US or Europe cannot be afforded by local farmers in Ethiopia. However, the same 
principles used in gully stabilization in the developing world can also be applied to gullies in Ethiopia and instead 
of using western and costly structures, it should be possible to use local materials and obtain the same results of 
stabilizing a gully at a much lower cost. 
In this paper, we will start the process of devising ‘appropriate’ solutions stabilizing the gully formation under 
Ethiopian conditions. To develop these solutions, we will use a combination of the Bank Stability and Toe Erosion 
Model (BSTEM) and the CONservational Channel Evolution and Pollutant Transport System (CONCEPTS) computer 
models, developed by the US Department of Agriculture, Agricultural Research Service (ARS). These models consist 
of fundamental equations that describe bank stability. 
BSTEM is a spreadsheet tool used to simulate stream bank erosion mechanistically of a single bank profile (Simon 
et al. 2011). It has been used to evaluate bank stability conditions and to design stream bank stabilization measures. 
CONCEPTS is a process-based, dynamic computer model that simulates open-channel hydraulics, sediment transport, 
channel morphology and the impact of in-channel protection measures on channel morphology (Langendoen and 
Alonso 2008; Langendoen and Simon 2008). CONCEPTS have been used throughout the mid-continental US to site 
grade control and to evaluate the impact of bank protection works at the reach and watershed scale. These two 
models are, therefore, effective tools that can be used by governmental and non-governmental agencies, academia 
and watershed managers to evaluate the control measures that are increasingly installed in the Lake Tana watershed. 
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These control measures consist either of structures such as gabions and check dams, or biological bank stabilization 
plantings. In this paper, we demonstrate the capabilities of BSTEM and CONCEPT for use in the Debre Mewi 
watershed where active gully formation is occurring as documented by Tebebu et al. (2010), Tebebu (2009) and 
Tilahun (2012). The paper is partly based on Langendoen et al. (2013) that was presented at the workshop in Bahir 
Dar in May 2013 and can be downloaded at http://soilandwater.bee.cornell.edu/research/international/eth_pubs.htm.
Methods
Study area
The Debre-Mewi watershed is located at 30 km south of Lake Tana, Bahir Dar, Ethiopia. Gullying started in the 
1980s following the clearance of indigenous vegetation and intensive agricultural cultivation, leading to an increase of 
surface and subsurface runoff from the hillside to the valley bottoms. Several gullies were studied in this watershed 
by Tebebu et al. (2010) and Tilahun (2012). In this study, we will concentrate the gully complex (locally known as the 
‘Tigist Gully’) that consists of two branches that join at the mid-slope position of the hillslope forming one larger, 
wider and deeper gully (Figure 2). The contributing area to the gully is 17.4 ha, elevation ranges from 2184 to 2300 m 
above sea level and average rainfall, falling mainly from June to September, is 1240 mm. Land use consists of rain fed 
agriculture in a mixed farming system with scattered indigenous tree species. The soils in the landscape are dominated 
by Vertisols. 
Figure 2. Gully complex in the Debre-Mewi watershed, Ethiopia.  Triangles indicate active gully erosion.
The depths and the corresponding widths of the valley bottom gully were estimated before the rainy season (2007) 
and after (2008) as a function of the distance from the valley bottom (Figure 3, a cross section gives the expansion of 
the gully). The gully was eroding in all locations where the water table was above the bottom of the gully indicated 
by triangles in Figure 2. The downstream end of the gully (called Valley Bottom Gully, VBG) had a very effective head 
cut. During the 2008 rainy season, the gully was actively increasing and it widened up to 20 m in top width where 
the water table was near the surface (approximately 4 m above the gully bottom). The annual soil loss from the gully 
complex in 2008 amounted to about 7000 ton/year or 440 ton/ha/year which was 10–20 times the measured upland 
soil losses. Water levels were measured with piezometers and showed that in the actively eroding sections of the 
water table was in general above the gully bottom and below it in stabilized sections.
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Simulating gully stability
In this section we will first analyse the measures that would have been required to stabilize the gully walls in 2007 and 
2008 for the bottom section (VGB) of the Tigist Gully assuming that the bottom of the gully is each year is at a fixed 
depth. Since there is an active head cut nearby effectively deepening the gully, these improvements would therefore 
only be temporary. Thus, stabilizing head cuts is a necessary improvement in gully stabilization. In the last section, 
‘appropriate’ measures to stabilize head cuts are devised using CONCEPTS.
Figure 3. Schematic drawing of the 2007 and 2008 gully geometry and vertical soil profile used in the BSTEM and CONCEPT analysis of bank stability.
Results and discussion
Gully bank stabilization 
The 2007 valley gully bottom had average top width of 7.3 m, an average bottom width of 5.9 m and an average depth 
of 2.6 m (Figure 3), resulting a bank slope of 75 degrees that was used to represent this bank. The profile consists 
of a 0.7 m thick silt layer overlying a 4 m thick red clay layer, which overlies more resistant bed rock (Figure 3). The 
stability of the bank was simulated with BSTEM when there were no tension crack and with CONCEPTS with tension 
cracks for typical values of parameters for a Vertisol, with varying groundwater table depths (0, 0.5, 1, 2 and 2.6 m 
below the floodplain elevation and with the enhanced stability by reducing bank slope or adding vegetation to the bank 
top Langendoen et al. (2013) in Figure 4.
Figure 4. Effects of groundwater table, tension cracks, soil matrix shear strength and bank slope on the stability of the 2007 Valley Bottom Gully bank. The 
cohesion, c′ = 3kPa, friction angle,f′ = 28° and saturated unit weight g = 18 kN/m3 for the two soils was selected as: silt and for the red clay, c′ = 5 kPa, f′= 25° 
and g = 18 kN/m3. 
On the Y axis a safety factor, Fs, is plotted. A value of Fs ≤1.0 indicates an imminent failure; Values Fs>1.0 are viewed 
as stable. However, the uncertainty and variability of soil properties and failure geometries results are such that we 
consider values between 1.0 and 1.3 conditionally stable.
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The bottom axis is a dimensional variable defined as: 
Where  is average unit weight of the soil composing the failure block (18 kN/m3), H is the gully depth, is 
average apparent cohesion along the slip surface and  is average of the tangent of the friction angle 
along the slip surface. Depth to groundwater is indicates as well.
Figure 4 shows that the factor of safety of the 2007 VBG of 75 degrees without tension cracks is always smaller than 
1.3 (conditionally stable) and only exceeds unity for groundwater tables near the gully bottom (r = 14.4 and r = 17.0). 
However, Vertisols have crack. In that case, only when the groundwater table at the bottom of the gully it provides 
a factor of safety greater than one (Fs = 1.03). In order to make the bank stable the bank slope should be reduced 
and calculations with bank angles of 65, 55 and 45 degrees were evaluated. Figure 4 indicates that the bank angle 
needed to be reduced to 45 degrees in order for the factor of safety to exceed one under fully saturated conditions 
(groundwater table at the top of the bank, r ≈ 300). Planting vegetation around the gully will increase the cohesion 
values in the top 1.7 m of the profile. However as can be observed in Figure 4, it had only a minor effect on the 
stability of the gully. Figure 5 confirms the model results for the Warke gully on the road from Bahir Dar to Addis 
where the trees that now grow in the gully were initially planted on the sites of the gully.
Figure 5. Trees originally planted on the gully banks slipped with the soil in the gully bottom in the Warke watershed.
For the 2008 Valley Bottom Gully (VBG), the average top width of 22.1 m, an average bottom width of 12.1 m and an 
average depth of 4.6 m, a bank slope of 45 degrees was used to represent this geometry (Figure 3). A similar analysis 
was carried out as for 2007 VGB (Figure 6). Figure 5 shows that the 2008 VBG gully banks exhibit limited stability for 
the 45 degrees case. This is confirmed by our observations during the dry season when the water table is below the 
gully bottom and the gully walls are stable. If the groundwater table exceeds an elevation 2 m below the bank top as is 
the case during the wet season (r ≈ 50), pore water pressure will reduce soil shear strength such that Fs< 1. In case 
that the bottom decreases by 0.5 m and the bank height the gully sidewall would become unstable for all groundwater 
table depths smaller than 3 m (r> 30). Increasing bank slope by 10 degrees from 45 to 55 degrees will similarly 
destabilize the gully bank for all groundwater tables exceeding 1.5 m above the gully bottom (depths smaller than 3 
m). In this case as well, plantings will only minimally aid in stabilizing the gully walls. Preventing ongoing mass wasting 
of the 2008 VBG requires a combination of: 1) gully bottom grade control, e.g. check dams 2) toe protection; and 3) 
drainage to control pore-water pressures in the upper portion of the soil profile, which could also be accomplished by 
vegetation.
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Figure 6. Effects of groundwater table, tension cracks, soil matrix shear strength and bank slope on the stability of the 2008 Valley Bottom Gully bank.
Stabilizing head cuts
In the USA, headcuts are stabilized by using concrete structures at the gully head and then dissipating the energy in the 
drop. These structures are too expensive for Ethiopia and therefore we will test gully stabilizing structures in which 
we decrease the slope of the head cut and then place locally available stones on the regarded gully. 
In CONCEPTS a gully is simulated with a headcut of 1 m that is regraded to a slope of 40 degrees with a channel 
bottom width of 2 m and a channel depth of 2 m below head cut; channel side slope = 60 degrees and a channel slope 
= 0.01In Figure 7, the initial profile is given. We will assume again typical values for the Vertisol (listed in the caption 
of Figure 4) and a steady state flow of 2 m3/sec which is approximately expected for a thunderstorm in the 17 ha 
watershed. Other parameters assumed in CONCEPTS are a valley width = 200 m, valley side slope = 0.05, Manning 
downstream of gully = 0.05, Manning upstream of gully = 0.04, critical shear stress = 4 Pa, soil detachment coefficient 
= 2E-7 m s-1 Pa-1.
Figure 7. The initial gully configuration before any water was applied. a) Longitudinal section; the 1 m high head cut was regraded to 40 degrees. Top line is the 
soil surface and the line below is the shape of the gully bottom; b) Cross section of the channel above and below the head cut.
Two scenarios for the regraded gully are tested with CONCEPTS: (1) bare soil and (2) rock cover stable under 
a 2 m3/sec flow where the rock cover was extended about 8 m upstream to protect against the accelerating flow 
upstream.
For the bare soil, the head cut slope was reduced from about 0.83 to 0.12 (Figure 8a) where the shape of the bottom 
profile is shown in 2 to 4 day intervals with the 2.0 m3/sec flow. The surface erosion extended over a length of about 
12 m. The erosion of the regraded head cut produced mass failures only at the brink of the regraded head cut at 49 
m and the next cross section upstream and at 47 m (Figure 8b). The failure at station 49 m occurred 18 days into the 
simulation, whereas the failure at station 47 m occurred 25 days into the simulation.
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Figure 8. Evolution of gully bottom (a) gully width (b) for unprotected gully bottom where a head cut of 1 m was regraded to a slope of 40 degrees. Profiles in (a) 
are given for each 2 days initially and 4 days at the end.  The discharge was 2 m3/sec.
With a protective rock cover, no erosion occurred, though of the regraded headcut. Thus the gully bottom remains 
the same as shown in Figure 7a. Only some toe erosion occurred. This could be prevented by putting some stones 
also on the toe.
Conclusions and recommendations
Gully erosion is contributing significant sediment load to the downstream river network. In order to prevent siltation 
of the newly constructed reservoirs in Ethiopia, stopping gully erosion is important. In this paper, we used BSTEM 
and CONCEPTS computer models to devise cost effective gully stabilizing methods. One of the important findings 
was that head cuts in gullies should be stabilized first, otherwise any upstream improvements will be swallowed by 
the head cuts moving up the gully. A promising and appropriate technique for stopping headcuts according to the 
CONCEPT model is regrading the headcut to slope of 40 degrees or less and armoring the graded section and the 
upstream and downstream for some distance with rock. Research should be performed on the best way to accomplish 
the regrading and armoring of the head cut. 
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